SUMMARY The role of preabsorptive (cephalic phase) insulin release in oral glucose tolerance was investigated using diabetic rats treated by intraportal transplantation of isogenic islets. This early neurally mediated phase of insulin release has been shown to be absent in such rats. When the body weight of transplanted rats was normalised, glucose tolerance tests (GTTs) were performed in the unstressed state using permanent cardiac catheters. Transplanted rats had a normalised intravenous GTT, whereas, as we have shown previously, their oral GTT remained clearly pathological. During both tests peripheral insulin levels were decreased compared with controls. While during intravenous GTT the onset of insulin release occurred as early in transplanted rats as in controls, during oral GTT there was a clear delay, probably because ofthe absence of the cephalic phase. Re-establishment of normal preabsorptive insulin levels was attempted by a small intravenous insulin injection during this period. This resulted in a transient increase in peripheral insulin levels, which, at two minutes after glucose ingestion, gave values similar to those found in controls at that time. This small insulin injection caused a marked improvement of the oral GTT which was most evident after exogenous insulin had disappeared from the blood. While the injection did not affect the 60 minute incremental insulin area, the glucose area was decreased by 50%, to a value not significantly different from that of control rats. The cephalic phase of insulin release appears, therefore, to be one important factor in the control of glycaemia during food intake. Its absence plays a major role in the pathological oral glucose tolerance of diabetic rats treated by intraportal islet transplantation.
It has long been known that the disposal of orally ingested glucose is controlled not only by the increase in blood glucose concentration, but also by other factors such as gastrointestinal hormones and neural reflexes.' Neural influences may be of particular importance when transplantation of pancreatic endocrine tissue is performed, as the transplant may remain denervated. We have shown, for example, that when a sufficient number of islets is transplanted to normalise the intravenous glucose tolerance in the unstressed rat, oral glucose tolerance in the same animals remains abnormal.2 Whereas after an intravenous glucose load plasma insulin levels rose as early in transplanted rats as in controls, after an oral glucose load transplanted rats displayed a delayed plasma insulin response. When tests Received for publication 22 July 1980 designed to measure preabsorptive (cephalic phase) insulin release were performed, it was found that this part of the early insulin response was absent in islet-transplanted rats,3 as reported previously for diabetic rats treated by foetal pancreas transplants. 4 It is known that the early insulin response after both intravenous5 6 and oral4 7 8 glucose loading is an important determinant of the overall glucose tolerance. Therefore, the present study was designed to define the importance of preabsorptive insulin release-or its absence-in maintaining normal oral glucose tolerance in previously diabetic rats treated by intraportal islet transplantation. To this end, islet transplanted rats had oral glucose tolerance tests performed with and without a small injection of insulin given intravenously during the preabsorptive period, in a dose calculated to mimic the levels seen during cephalic phase secretion. As stress affects glucose tolerance in islet transplanted Importance ofpreabsorptive insulin release on oral glucose tolerance rats even more than in normal animals,9 care was taken to test animals in the conscious unstressed state.
Methods

ANIMALS
Highly inbred male Wistar-Lewis rats obtained from the Charles-River Breeding Laboratories, Wilmington, Mass., were used. After food had been withdrawn for 12 to 16 hours, diabetes was induced in rats weighing 200-250 g (8-10 weeks old) by the intravenous injection of streptozotocin (50 mg/kg) freshly dissolved in acidified saline (pH 4.5). Control rats received an intravenous injection of acidified saline. Islet transplantation or sham operation was performed four to five weeks later. Islets were isolated by a modification of the collagenase technique.10 After hand-picking, the islets were suspended in modified Krebs-Ringer bicarbonate (KRB) buffer containing Na+ 145.6, K+ 6-0, Ca++ 2.0, Mg++ 2-4, Cl-127.8, P04--1.2, S04--2.4, HCO3-24-6 mEq/l, 5.5 mM glucose, and 1 % bovine serum albumin. An aliquot was taken from each batch of islets for measurement of insulin content. A known number of islets was then placed in a siliconised glass syringe containing 0-2-0-3 ml KRB buffer. The recipient rat was anaesthetised with sodium pentobarbital. The abdomen was opened through a midline incision and the portal vein exposed. A 23-gauge needle, connected by a fine catheter to the syringe, was inserted into the portal vein and the islets were slowly injected. After the injection, the syringe, catheter, and needle were repeatedly flushed into a Petri dish and the remaining islets were counted.
GLUCOSE TOLERANCE TESTS
Thirteen to 15 weeks after transplantation or sham operation of non-diabetic control rats, permanent cardiac catheters were implanted via the jugular vein according to the method of Steffens.1" These catheters were filled with a 60-70 % polyvinylpyrrolidone (PVP) solution containing heparin 500 U/ml and penicillin 20 000 U/ml; the mixture was aspirated every second day and the whole catheter was flushed out with heparinised saline and then refilled with the PVP/heparin/saline solution. By this means catheters could be used for six to eight weeks. Animals were housed individually in special cages, handled frequently, and all tests were carried out in their home cages. The tests were started one to two weeks after catheter implantation when the rats had returned to a normal rate of weight gain.
The rats were habituated to the blood-sampling Results are given as mean ± SEM unless stated otherwise. The glucose and insulin areas for the various glucose tolerance tests were calculated by integrating the incremental glucose and insulin concentrations above basal for each animal. Student's two-tailed unpaired t test was used to evaluate differences between transplanted rats and controls. Student's two-tailed paired t test was used to assess differences between the oral GTTs with and without injected insulin in the same animal.
Results
TRANSPLANTED ISLETS
The number of islets injected per animal was 2106 i 266. The mean insulin content of these islets was 27.9 ± 2.1 ng/islet so that the total insulin content of the islets transplanted to each rat was approximately 59 ,ug. The mean pancreatic insulin content for the rat strain at this age was found to be 96 i 10 ,ig/pancreas (n= 5) so that the amount of insulin The body weight of transplanted rats and of diabetic and non-diabetic controls is shown in Fig. 1 . Animals injected with streptozotocin stopped gaining weight. They, in fact, lost about 10 g over the period of investigation. Not all diabetic controls survived for the whole period, however, so that the value shown for six surviving animals corresponds to a positive selection. After four weeks of diabetes (zero time, Fig. 1 injected with 24 mU/kg kisuin iv at 1 min (n = 5) ( (Table) . No significant difference was seen in the incremental glucose areas.
ORAL GTT (1 g/kg, 2 g/kg)
In contrast with the plasma glucose values reached after intravenous glucose, during oral GTT after 20 minutes consistently higher plasma glucose levels were observed in transplanted rats than in controls (Fig. 3) . Mean values of plasma glucose above 11 mmol/l were found at 20 and 40 minutes. The integrated incremental glucose area was also significantly greater in transplanted rats than in controls (Table) . As early as two minutes after the start of the oral glucose ingestion, before a significant rise in plasma glucose could belobserved, non-diabetic controls Importance ofpreabsorptive insulin release on oral glucose tolerance exhibited a significant increase of plasma insulin above their own basal level (mean increase 2.5 ±0.6 mg/ml, P<0-02), whereas transplanted rats showed no such rise in plasma insulin at the same two minute time point (mean increase 0.2X0 3 ng/ml). The incremental 60 minute insulin area for transplanted rats was about 50 % that of controls (Table) .
An oral GTT using a larger dose (2 g/kg) was performed only in three transplanted rats. The 60 minute incremental insulin area was 620% greater (p <005) than that during the test with 1 g/kg in the same rats. Therefore, islet-transplanted rats had not reached the limit of their insulin secretory capacity during the 1 g/kg oral GTT. While overall insulin release in transplanted rats was reduced during oral GTT compared with that of controls, there was a disproportionate decrease during the early part of the test (see Table) , no rise in plasma insulin being observed during the preabsorptive period.
ORAL GTT (1 g/kg) WITH INTRAVENOUS INSULIN INJECTION
To investigate whether the absence of preabsorptive insulin response influenced subsequent glucose tolerance in transplanted rats, a small dose of insulin was given intravenously through the indwelling catheter. The dose injected was 24 mU/kg Actrapid, given exactly one minute after the rat had spontaneously started to drink the glucose solution. In transplanted rats this resulted in an increase of the plasma insulin concentration of 3.6 14 ng/ml at two minutes compared with the level measured in the test without insulin injection in the same rats (Fig. 4) . No effect of the insulin injection on plasma insulin levels was detectable at five minutes nor at any later time point.
The small and transitory plasma insulin increase was associated with a striking overall amelioration of the oral glucose tolerance profile. The decrease of plasma glucose induced by the insulin injection was significant at 10 and 20 minutes. Furthermore, although every individual rat exhibited lower values also at 40, 60, and 90 minutes this did not reach statistical significance (005 <P< 10 for all points) because the decrease achieved varied. The improvement in glucose tolerance was also evident from the highly significant decrease in the incremental glucose area induced by the insulin injection (Table) .
Although non-diabetic controls have preabsorptive insulin release, intravenous insulin injections at one minute were also carried out in that group (Fig. 5) . This resulted in an increase in plasma insulin of 3.2 1.3 ng/ml at two minutes above that found in the test without injection. Apart from this increase, the only detectable effect on plasma insulin levels was a decrease at 10 minutes compared with the tolerance test without insulin injection. This coincided with a small, but significant, decrease of plasma glucose at the same time (10 minutes).
Results can be summarised by describing the changes in incremental glucose and insulin areas (Table) . In transplanted rats without insulin injection during the preabsorptive period the glucose areas were increased and insulin areas were decreased compared with controls. The insulin injection given in the preabsorptive period increased the five minute insulin area to a value comparable with that found in controls without insulin injection, whereas the 60 minute incremental insulin area was unchanged. By contrast, the insulin injection markedly reduced the incremental glucose area to a value which, although still retaining some tendency to be greater than, was not significantly different from that of controls.
Discussion
This study clearly demonstrates that, in transplanted rats, known to have absent cephalic phase insulin secretion,3 an intravenous injection of insulin which mimicked this early phase of insulin release, both with respect to its timing and to its magnitude, exerted a remarkable effect on oral glucose tolerance. It is striking that, in transplanted rats, although plasma insulin levels at five minutes and later were not affected by the small dose of exogenous insulin, a marked improvement in glucose levels was achieved over the whole observation period of the glucose tolerance test. When the effect of the intravenous insulin injection at one minute is described in terms of integrated insulin and glucose areas the effect of injection in enlarging the insulin area was limited to the first five minutes, whereas the incremental insulin area over 60 minutes in transplanted rats was not affected. The 60 minute glucose area in transplanted rats was, however, reduced by half, while the insulin injection had no effect on the glucose area in controls which have intact cephalic phase insulin release. Even in controls, the transient increase in plasma insulin levels at two minutes, superimposed on an intact cephalic phase, exerted a small but significant effect on plasma glucose and on plasma insulin levels seen only at 10 minutesthat is, after exogenous insulin had disappeared from the blood. Therefore, even normal rats with an intact cephalic phase appear to be sensitive to small alterations in plasma insulin in the preabsorptive period.
Overall insulin output, as measured as insulin levels in peripheral blood, was less in transplanted Siegel, Trimble, Renold, and Berthoiid rats than in controls during both oral and intravenous glucose tolerance. Caution should, however, be taken in extrapolating from peripheral plasma insulin levels to the amount secreted. In normal rats, 50% of secreted insulin can be extracted during one passage through the liver,'617 whereas no such data exist for rats with islets transplanted to the liver where regions of low and high insulin concentrations are found within the organ. The insulin areas of controls during an oral GTT were comparable with those during an intravenous GTT (Table) . The insulin areas of transplanted rats were reduced by a similar amount during both tests. For the intravenous GTT, the insulin output was sufficient to normalise the K-values, whereas the oral GTT remained clearly abnormal. While While decreased insulin secretory capacity not related to cephalic phase may have contributed to the pathological 1 g/kg oral GTT in islet-transplanted rats, results from the 2 g/kg test demonstrate that the transplanted rats had not reached the limit of their insulin secretory capacity during the 1 g/kg test. The principal observation reported here is that an artificially reestablished 'cephalic phase insulin response' resulted in remarkably improved oral glucose tolerance most clearly seen some time after exogenous insulin has disappeared from the blood. A preabsorptive increase of 2.5 ng/ml in peripheral plasma insulin in controls two minutes after oral glucose may seem rather small. However, the increase in portal vein insulin concentrations at that time is almost certainly much greater, a finding that has been demonstrated in dogs during the first five minutes of an oral GTT.26 In man, portal insulin levels are twice as high as in the periphery in the basal state and may be as much as 10 times greater when insulin release is stimulated.27 In addition, it has been shown that the disappearance rate of intraportally injected insulin is greater than that of insulin injected into the periphery.28 Therefore, an insulin injection calculated to mimic peripheral insulin levels at two minutes probably does not overestimate the amount of insulin actually secreted from the pancreas during the preabsorptive phase. In addition, insulin secreted into the portal circulation is more effective in improving the metabolic state of pancreas-transplanted rats than is insulin secreted into the periphery.29 Nevertheless, the peripheral injection of a small amount of insulin caused striking changes in overall oral glucose tolerance of islet-transplanted rats. This result suggests an important physiological role for the neurally-mediated cephalic phase insulin response.
After intravenous glucose administration, the liver accounts for about 10% of the glucose metabolised30 as opposed to 60% after oral administration of glucose.30 31 In general, the function of cephalic phase responses is to prepare the gastrointestinal tract to digest and absorb food and to prepare the viscera to metabolise and store nutrients.22 The primary physiological role of cephalic phase insulin secretion may thus be to prime the liver for the uptake of glucose absorbed from the intestines. Pathological oral glucose tolerance may, therefore, occur when cephalic phase insulin secretion is absent and the liver is not prepared for this task.
